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RESUMEN 

El resumen sera traducido al espanol por los editores. The 3-D structure of the Helix Nebula has been 
addressed multiple times and is slowly yielding to application of monochromatic emission line imaging, high 
resolution spectroscopy, and photoionization theory The inner structure of the nebula is a toroidal disk filled 
with doubly ionized helium and is ionization bounded, with an extended vertical component resembling the 
structure of numerous bipolar nebulae. The outer structure is less well defined, with one construction being that 
there is an open-center outer-disk that is nearly perpendicular to the inner-disk and an alternate construction 
that explains the features seen just outside the inner-disk as being the result of the observer's line of sight 
passing through extended lobes perpendicular to the inner-disk. A definitive model awaits thorough velocity 
mapping in the major diagnostic emission lines. However, even our well-defined knowledge of the inner-disk 
defies explanation by the simplest application of the broadly accepted two- wind model for the formation of PN. 

ABSTRACT 

The 3-D structure of the Helix Nebula has been addressed multiple times and is slowly yielding to application 
of monochromatic emission line imaging, high resolution spectroscopy, and photoionization theory. The inner 
structure of the nebula is a toroidal disk filled with doubly ionized helium and is ionization bounded, with an 
extended vertical component resembling the structure of numerous bipolar nebulae. The outer structure is less 
well defined, with one construction being that there is an open-center outer-disk that is nearly perpendicular 
to the inner-disk and an alternate construction that explains the features seen just outside the inner-disk as 
being the result of the observer's line of sight passing through extended lobes perpendicular to the inner-disk. 
A definitive model awaits thorough velocity mapping in the major diagnostic emission lines. However, even our 
well-defined knowledge of the inner-disk defies explanation by the simplest application of the broadly accepted 
two-wind model for the formation of PN. 
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f. INTRODUCTION 

The problem of mapping objects seen in two di- 
mensions (in the plane of the sky) into three dimen- 
sion (3-D) confronts the astronomer often but in no 
case is this more important than in the study of the 
shape of the Planetary Nebulae (PN). If we under- 
stand their 3-D form we can hope to decipher the 
method of their formation and project their future 
involvement in the interstellar medium (ISM). One 
can argue that forms with circular symmetry have 
a rotational axis and the radial velocity distribution 
within a feature can lead to understanding its 3-D 
form. When we combine this with the fact that the 
PN are dominated by photoionization, this means 
that we have an additional tool in 3-D modeling, 
for we know the invariable progression with distance 
of different ionization states which give rise to the 
emission lines forming the images. It is a rare case 
when one has the combination of detailed imaging in 
all of the major diagnostic lines and complete radial 
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velocity maps. The Helix Nebula is no exception to 
this rule-of-incomplctcness of data, but, because it 
is the nearest PN it merits investigation using the 
information that one can derive. That information 
comes slowly because it is one of the lowest surface 
brightness classic PN. 

The basic structure of the innermost portion of 
the Helix Nebula was independently demonstrated in 
1998 to be a disk inclined slightly to the plane of the 
sky (Meaburn et al. 1998, henceforth M98; O'Dell 
1998, henceforth 098), although only the latter pa- 
per demonstrated that the inner part of the disk ap- 
pears "empty" only because it is a zone of doubly 
ionized helium which appears only in Hell emission. 
O'Dcll, McCullough, & Meixner (2004, henceforth 
OMM04) presented a new level of imaging in multi- 
ple emission lines and derived a 3-D model composed 
of a refined view of the inner-disk and argued that 
the outer part of the nebula could be explained by 
there being a surrounding flat disk of material ly- 
ing almost perpendicular to the inner-disk. They 
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Fig. 1. These three images of the Helix (OMM04) show the dramatic difference of the appearance of the nebula in 
different stages of ionization. The field of view is 176l"xl76l" in each. 



argue that the inner disk has a perpendicular low- 
density extension that lies along its symmetry axis 
and forming the plumes that lie to the northwest 
and southeast of the nebula. Meaburn et al. (2005, 
henceforth M05) revisited the question of the 3-D 
structure and argue that the inner part of OMM04's 
outer-disk is actually caused by lobes that are per- 
pendicular to the inner-disk, the outer-ring that is 
seen on images being caused by where the line-of- 
sight passes through significant amounts of material 
in these lobes. For reference in this article we show a 
portion of the OMM04 emission line images in Fig- 
ure 1 and a sketch in Figure 2 that highlights the 
major features. 

One knows that the inner-disk is optically thick 
to Lyman continuum (LyC) radiation because it 
shows the expected progression of ionization states 
from Hell through [S II] . The feature labeled "outer- 
ring" in Figure 2 shows a similar progression from 
[O III], [N II], through [S II], indicating that it too 
is ionization bounded. The ionization of the outer- 
disk (from the outer-ring to the outermost-border) 
would require that material to be ionized by scat- 
tered LyC photons from the inner-disk or it is fos- 
sil ionization, i.e. low density material photoionized 
earlier and still recombining. The magnitude of a 
a surrounding molecular cloud is uncertain as one 
does not see it in the highest resolution molecular 
images (in H2, Speck et al. 2002) and the radio stud- 
ies of CO (Young et al. 1999) and HI (Rodriguez, 
Goss, & Williams 2002) are of low spatial resolution. 
However, their high velocity resolution indicates that 
the molecular radiation comes from small volumes, 
which arc probably the knots which populate the 
inner-disk and the outer-ring (OMM04). 



2. AVAILABLE INFORMATION 

Fortunately, the Helix has been well imaged by 
this time. Deep monochromatic emission line im- 
ages of the entire nebula at about 1" resolution exist 
(OMM04) in Ha + [N II], [S II], [O III], and H/3, in 
addition to 2.3" images in Hell (098), and a very 
deep image in Ha + [N II] at 4.1" (M05). H 2 im- 
ages at 2" (Speck et al. 2002) cover the brightest 
part of the nebula and radio surveys in CO (Young 
et al., 1999) at 31" exist, in addition to HI at about 
54.2"x39.3" (Rodrfquez et al. 2002). High resolution 
spectroscopy has covered only parts of the nebula in 
the optical lines (M98, O'Dell et al. 2002, M05, and 
of course the radio images also provide high velocity 
resolution spectra, although at low spatial resolu- 
tion. 

These images are largely complementary and 
confirming of one another, with one exception. M05 
indicate that their images at arcsecond resolution 
(in Ha + [N II]) show radial "spokes" close to the 
central star. However, they caution that those im- 
ages were not fiat-field corrected. Also, they were 
made with a single CCD, factors making it difficult 
to reliably see low contranst features. The high S/N 
images of OMM04, which were made with multiple 
CCD's that were individually flat-field corrected, do 
not show these features. 

3. STRUCTURE OF THE MAIN DISK OF THE 
NEBULA 

The inner-disk appears as an ellipse of 499"x459" 
major axes (OMM04). A compilation of all available 
radial velocities allowed OMM04 to determine that 
it is a circular disk with the northwest portion closer 
to the observer and that the plane of the disk is in- 
clined 28° from the sky (M05 give slightly different 
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Fig. 2. This sketch shows the location of the main fea- 
tures of the Helix Nebula discussed in the text. The near 
side features are shown in heavier lines, e.g. the north- 
west portion of the inner-disk. 

numbers). OMM04 derive a spatial expansion veloc- 
ity of 40 km s^ 1 and from this a formal age of 6,560 
years. An unexplained feature within the inner-disk 
is something labeled "innermost-ring" in Figure 2. 
This feature is visible only in [O III], peaks at a di- 
ameter of 200", and is an enhancement of about 20% 
in the surface brightness. It occurs near the outer 
limits of the Hell core, which is nearly Gaussian in 
form with a full width at half maximum of 277". It 
was originally identified in M98. 

4. STRUCTURE PERPENDICULAR TO THE 
MAIN DISK 

There certainly is structure perpendicular to the 
main or inner-disk. The inner parts of these are seen 
as "plumes" extending to the northwest and south- 
east. There are outer features (OMM05) not shown 
in the depiction in Figure 1 (but are drawn in Fig- 
ure 2) which are aligned with the plumes and their 
parabolic shape indicate that they are either shocks 
or an extension of the bipolar forms seen in numer- 
ous smaller PN. After consideration of the tilt angle, 
the outer parts extend to 3.9 times the inner-disk's 
diameter above and below the plane of the inner- 
disk. 

5. ALTERNATIVE MODELS FOR THE OUTER 
RING 

The reader will have noted that I've used the 
term inner-disk and main disk interchangeably This 
is because in OMM04 it was argued that outside of 
the inner-disk there is an outer-disk, composed of 
an ionization bounded outer-ring surrounded by a 
thin disk of low density material extending out to 



the outermost-border in Figure 2. In this model the 
arcuate features outside of the inner-ring are inter- 
preted as an incomplete ring of material tilted 53° 
out of the plane of the sky and oriented with the 
southeast side being closest to the observer. This 
structure is suggested by the fact that there clearly 
is an ionization boundary along those arcuate struc- 
tures, they are marked by young knots arising from 
an ionization front, and their velocity distribution 
with position angle (PA) resembles that of an ex- 
panding ring. The summary of optical and radio 
velocities of the nebula and the knot given in Figure 
15 of OMM04 shows evidence for the sinusoidal vari- 
ation of radial velocity that is expected, although the 
scatter of the velocities is large. These features were 
first identified in the CO (Young et al. 1998)stud- 
ies, where two kinematic systems were first seen, one 
being smaller (now associated with the inner-disk) 
and the other further out. In this interpretation the 
outer-disk is nearly perpendicular to the inner-disk, 
with the vertical structure associated with the inner- 
disk interrupting portions of the outer-disk's inner- 
most feature, the outer-ring. This outer-ring portion 
of the outer-disk would have a diameter of 742", an 
expansion velocity of 32 km s , and a dynamic age 
of 12,100 years. 

A quite different interpretation of the outer-ring 
features appears in M05, where they argue that 
these are composed of views through lobes extending 
above and below a line perpendicular to the inner- 
disk. This multi-frec-paramctcr model succeeds in 
producing an equally good explanation of the ap- 
pearance of the nebula and predicts velocity pat- 
terns similar to what is observed. East-west and 
north-south p-v diagrams would be similar for both 
models. I believe that the one discriminator between 
the two models is that in the interval PA=80°-150°, 
the "lobes" model would predict the radial velocity 
of the near-side component would be nearly constant 
with PA, while the data in OMM04 (Figure 15) show 
that the radial velocity becomes rapidly more nega- 
tive in this interval. 

6. THE OUTERMOST FEATURES 
ASSOCIATED WITH THE NEBULA 

There are numerous features that fall outside the 
outer-ring in addition to those I identify with ma- 
terial that is perpendicular to the inner-disk. The 
largest is the material I associate with the outer- 
disk, which is a series of irregular structures bounded 
by the outermost-border in Figure 2. The general 
similarity of form suggests, but does not establish 
an association with the outer-ring feature, this sim- 
ilarity being the only argument for an outer-disk, 
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rather than there simply being an outer-ring. In 
any event, the northeast-arc feature is almost cer- 
tainly a shock caused by the nebula moving through 
the ISM (OMM04). The features labeled "east-outer 
features" in Figure 2 were first reported by Kwittcr 
ct al. (1993) and it was argued by Borkowski (1993) 
that these were shocks created by interaction of the 
outer nebula with the ISM. If there is a collimated 
flow of material in that direction, then those may be 
a source of the shocks. There are additional shocks 
(NE object and NE shock) to the northeast, but their 
origin is uncertain as these shocks have no symmetry 
along a radius vector, although there is an approx- 
imate symmetry axis lying close to the direction of 
the nebula's proper motion (OMM05). 

In their low spatial resolution, but star- 
subtracted Ha + [N II] image M05 report the 
discovery of a "jet" beginning within the outermost- 
border and extending beyond towards PA=255°. 
M05 say that there may be a similar but opposite 
feature just outside of the outer-ring and that this 
may be the driving material for the shocks in the 
"east-outer features" . Meaburn's jet is easily visible 
in the broadband (1344-2831 A) GALEX ima ges 
| |http://www.galex.caltech.e du/MEDIA/2005- J 02|) , 
but nothing well identified with a countcr-jct is seen. 
The "east-outer features" lie at PA=81°, which 
is not opposite to Meaburn's jet, which reduces 
the likelihood of an association, leaving both these 
shocks and Meaburn's jet for explanation in the 
future. 

7. STRATIFIED FLOW IN THE DIRECTION OF 
THE CENTER OF THE NEBULA 
Even without a detailed kinematic model for the 
entire nebula, we can identify some important ve- 
locity features. A sample across the central 100" 
diameter shows several interesting features. O'Dell 
ct al. (2002) found central values of the line split- 
ting of 32 km s _1 in Ha, 49 km s _1 in [N II], and 
M05 find 25 km s" 1 for [O III]. M05 argue from ob- 
servations of the intrinsically faint Hell 6560 A line 
that the Hell line splitting is less than 24 km s _1 
while my study (in progress) of the intrisically much 
stronger Hell 4686 A line shows a well defined split- 
ting of 18 km s _1 . The progression of increasing 
splitting velocity with decreasing ionization state (c. 
f. the review in 098 for details) is well defined Hell 
18 km s~\ [O III] 25 km s~\ [N II] 49 km s" 1 (Ha 
comes from each ionization zone but is weighted to- 
wards the cooler, outer parts of the [O III] zone and 
has the splitting of 32 km s _1 ). This is the same 
pattern recognized more than fifty years ago (Wil- 
son 1950). This "Hubble" type flow runs contrary 



to the expectations of the widely adopted two-wind 
model for the origin of the forms of the PN as does 
the presence of a filled central region that we see in 
both the Helix and the Ring Nebulae (O'Dell et al. 
2002). Perhaps the two- wind model applies in the 
youngest PN, but in the older objects we are seeing 
other effects, such as filling-in following the cessa- 
tion of the driving high velocity stellar wind. How- 
ever, one should not over-interpret the above veloc- 
ity trends because they are determined from looking 
down onto the inner-disk of the nebula at an angle 
of about 23° (OMM04) and we know that it has sig- 
nificant vertical structure. What is needed to test 
the two-wind hypothesis are detailed velocity-based 
models of PN over a variety of ages and orientations. 
In fact, it is this kind of detailed observation that is 
necessary for removing the ambiguity of the inter- 
pretation of the outer-ring of the Helix nebula and 
is the subject of a continuing investigation by the 
author. 

I am grateful to Will Hcnncy and John Meaburn 
for reading and commenting on a draft of this pa- 
per, although conflicting viewpoints with John still 
remain. This work was supported in part by a Space 
Telescope Science Institute grant supporting pro- 
gram GO-9944. 
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